Introduction
Extinct radionuclides have proven to be extremely useful for studying the astrophysical context of solar system formation, the relative chronology of early solar system events, the irradiation history of early formed solids, the timescale of nucleosynthetic processes, and the thermal history of planetary bodies (see recent reviews by McKeegan and Davis, 2004; Wadhwa et al., 2006; Wasserburg et al., 2006; Dauphas and Chaussidon, 2011) . Many of these extinct radionuclides originated from the long-term chemical evolution of the Galaxy (e.g., 92 Nb, 129 I, 146 Sm, and 244 Pu; Clayton, 1985 or may have been produced by particle irradiation around the young Sun (e.g. 10 Be and 36 Cl, McKeegan et al., 2000; Hsu et al., 2006; Jacobsen et al., 2011) . Others such as 26 Al, whose abundances exceed expectations for inheritance from galactic background Wasserburg et al., 2006; ) and production by particle irradiation (Marhas et al., 2002; Duprat and Tatischeff, 2007) , were most likely injected by a nearby stellar source.
Iron-60 (t 1/2 ¼2.62 Myr; Rugel et al., 2009 ) has been the focus of much work recently because it cannot be produced by particle irradiation in the solar protoplanetary disk (Lee et al., 1998 ) and a high 60 Fe/ 56 Fe ratio in meteorites (43 Â 10 À 7 ) would tie the birth of the solar system to the explosion of a nearby supernova (Wasserburg et al., 1998) . However, the initial 60 Fe/ 56 Fe ratio at the time of solar system formation is highly uncertain with estimates that span over two orders of magnitude (Birck and Lugmair, 1988; Shukolyukov and Lugmair, 1993a,b; Tachibana et al., 2003 Tachibana et al., , 2006 Mostefaoui et al., 2004; Sugiura et al., 2006; Quitté et al. 2007 Quitté et al. , 2010 Quitté et al. , 2011 Guan et al., 2007; Tang and Dauphas, 2011a , 2011b Spivak-Birndorf et al., 2011 Moynier et al., 2011; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012; Telus et al., 2012) . Time zero in early solar system chronology is marked by calcium-aluminum-rich inclusions (CAIs), which are the oldest solar system solids. In CAIs, the only significant carriers of Fe and Ni are opaque assemblages (previously known as Fremdlinge; Palme and Wlotzka 1976; Wark and Lovering 1976; El Goresy et al., 1978; Blum et al., 1988; Sylvester et al., 1990) and smaller sub-micron refractory metal nuggets (Blander et al., 1980; Wark 1986; Berg et al., 2009) , which have low Fe/Ni ratios and are therefore not very well suited to constrain the The first evidence for 60 Fe in solar system material was found by thermal ionization mass spectrometry (TIMS) in the form of excess 60 Ni in mineral separates from eucrites (Shukolyukov and Lugmair, 1993a,b) , a group of basaltic meteorites that are thought to come from the crust of asteroid Vesta (McCord et al., 1970; De Sanctis et al., 2012; Russell et al., 2012) . Internal isochrons in the eucrites Chervony Kut and Juvinas yielded initial 60 Fe/ 56 Fe ratios of 3.9 Â 10 À 9 and 4.3 Â 10 À 10 , respectively. However, the closure time for the 60 Ni system in these meteorites was unknown, hindering a reliable estimate of the initial 60 Fe/
56
Fe ratio at solar system birth (Mostefaoui et al., 2004) . Subsequent studies have yielded widely variable initial 60 Fe/ 56 Fe ratio estimates.
In situ measurements by secondary ion mass spectrometry (SIMS) of constituents of unequilibrated ordinary chondrites, such as pyroxenes in chondrules, have given elevated 60 Fe/ 56 Fe initial ratios at CAI formation of around $ 6 Â 10 À 7 (Tachibana et al., 2003 (Tachibana et al., , 2006 Mostefaoui et al., 2004 Mostefaoui et al., , 2005 Guan et al., 2007; Marhas and Mishra, 2012; Mishra et al., 2010; Mishra and Chaussidon, 2012) . Ogliore et al. (2011) identified a statistical bias that affected some SIMS measurements (Tachibana et al., 2003 (Tachibana et al., , 2006 , leading Telus et al. (2012) to revise the initial 60 Fe/ 56 Fe ratio to 5 Â 10 À 8 or higher. More recent studies have also addressed these analytical issues and have found a high initial 60 Fe/ 56 Fe ratio of $ 6 Â 10 À 7 at solar system formation (Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) .
Measurements of differentiated achondrites (meteorites that were once molten) by various methods have given much lower ratios of $ 2 Â 10 À 8 (Sugiura et al., 2006; Quitté et al., 2010 Quitté et al., , 2011 Tang and Dauphas, 2011a , 2011b Spivak-Birndorf et al., 2011 . The reason for this discrepancy is unknown but some have argued that this could be due to a heterogeneous distribution of 60 Fe (Sugiura et al., 2006; Quitté et al., 2010) . As discussed by Wasserburg et al. (1998) , solving the issue of the initial abundance of 60 Fe and of its distribution in early solar system materials is critical to assess the plausibility of the scenario of supernova-triggered solar system formation (Cameron and Truran, 1977; Boss and Keiser, 2012) .
To study the initial abundance of 60 Fe and its distribution in the disk, we have measured the Ni isotopic compositions of bulk HEDs, angrites and mineral separates from quenched angrite D'Orbigny. Motivated by the large discrepancy between achondrite and chondrite measurements, we have also studied the Ni isotopic compositions of whole rocks, chondrules and mineral separates from CBa (Bencubbin-type) chondrite Gujba, as well as two ordinary chondrites Semarkona (LL group) and NWA 5717 (ungrouped), which have experienced minimal thermal metamorphism (petrologic types 3.0 and 3.05, respectively, on a scale that starts at 3.0 and extends to 6; Grossman and Brearley, 2005 ). Our results demonstrate that the 60 Fe/ 56 Fe initial ratio in the solar protoplanetary disk was (11.572.6) Â 10 À 9 and that 60 Fe was homogenously distributed among large planetary objects.
Methodology
Details of the methodology are available in Appendix B.
Sample preparation and digestion
Bulk achondrites (8 angrites, 9 HEDs, 2 ureillites, and 1 aubrite) weighing up to 1 g were first polished with abrasive paper and rinsed with acetone to get rid of fusion crust and other surface contaminants. D'Orbigny and NWA 5717 were fragmented by high voltage pulse power fragmentation (SelFrag) for mineral separation. The fragmented samples were processed with a hand magnet, sieves and sodium polytungstate solution. Using these procedures, metal, multiple silicate grain sizes and samples with different densities (below or above 3.10 g/cm 3 ) were separated. Bulk chondrules from Semarkona and NWA 5717 were handpicked for analyses. Six NWA 5717 entire chondrules and three silicate size fractions (100-166 mm, mm and 4200 mm)
were washed before powdering in 1 M HCl for 30 min in order to remove surface-sited metal, sulfide, and other soluble phases. Twenty-one chondrules from CBa chondrite Gujba (a meteorite fall with little evidence of terrestrial alteration) were sampled using a New Wave Research Micromill apparatus. Silicate chondrules were crushed and the fragments with adhering metal sensitive to a hand magnet were removed before digestion. Whole rocks of several chondrites (1 CV, 1 CM, 1 EL, 1 EH, and 1 LL) and iron meteorites (1 IIAB, 1 IIIAB, 1 IVA, and 2 IVB) were also analyzed.
Iron meteorites and metal chondrules from Gujba were digested in aqua regia. All other samples were crushed in an agate mortar, and the sample powder was dissolved in a 5-30 mL mixture of concentrated HF-HNO 3 (in a 2:1 ratio by volume) in a Teflon beaker placed on a hot plate at $ 90 1C for 5-10 days. The solution was subsequently evaporated to dryness and redissolved in a 5-30 mL mixture of concentrated HCl-HNO 3 (2:1 ratio). The solutions were dried down and taken back to solution with a minimum amount of concentrated HCl ( $11 M) for loading on the first column.
Protocols for Ni and Fe purification
Chemical purification of Ni was achieved in a three-step procedure.
(a) U/TEVA Cartridge. The 2 mL U/Teva cartridges (length¼2.7 cm, diameter ¼0.8 cm) were conditioned with 10 mL of concentrated HCl ( $ 11 M). Approximately 3/4 of the sample solution in concentrated HCl was loaded onto the cartridge; the rest was kept for Fe/Ni determination, other analyses, and as a safety aliquot. The load solution was collected in clean Teflon beakers and an additional 10 mL of concentrated HCl was passed through the resin and collected in the same beaker. This eluate contained Ni together with other matrix elements . (b) Cation exchange. The Ni elution cut from the first column chemistry was evaporated and re-dissolved in 5 mL of a mixture of 20% 10 M HCl-80% acetone (by volume) and loaded onto 5 ml pre-cleaned Bio-Rad AG50-X12 200-400 mesh hydrogen-form resin in teflon columns (length¼40 cm, diameter ¼0.4 cm), previously conditioned with 10 mL 20% 10 M HCl-80% acetone. After loading the sample solution and rinsing with 30 mL 20% 10 M HCl-80% acetone mixture, Ni was collected by eluting 150 mL of the HCl-acetone mixture . This HCl-acetone column was repeated 5 times to ensure thorough separation of Mg from Ni. (c) Anion exchange. Zinc was removed using a third column filled with 1 mL Bio-Rad AG1W-X8 anionic ion exchange resin (length¼2 cm, diameter¼0.8 cm) in 8 M HBr medium .
Nickel blanks for the entire procedure ranged from 20 to 35 ng, which is insignificant relative to the amounts of Ni in the samples. Nickel yields for each step were close to 100% and the overall yield of the procedure was 85-100% except for Ibitira (around 60%; Table S1 ). Achondrites and chondrules have very low Ni contents (e.g., 0.5 mg for some HED meteorites) and the isotopic abundance of 64 Ni could not be reliably measured in these samples but we were able to measure 64 Ni in bulk chondrites and iron meteorites (also see Dauphas et al., 2008; Steele et al., 2011 Steele et al., , 2012 ) using the exponential law . The methodology for high precision measurements of Fe isotopic anomalies has been described previously Approximately 20-25% of the original sample solutions were kept for Fe/Ni ratio measurements by MC-ICPMS using both the bracketing and standard addition techniques. For Gujba, a fraction of that aliquot was also used for determination of iron isotopic fractionation ). . The uncertainties are 95% confidence intervals.
Results
n Metal in D'Orbigny was separated by magnet and is composed of olivine with metal inclusions.
nn Subscript w-Samples were washed with 1 M HCl for 30 minutes before digestion.
Ni isotopic anomalies of nucleosynthetic origin, in agreement with the previous results Regelous et al., 2008; Steele et al., 2011 Steele et al., , 2012 
When the scatter around the regression was entirely explained by analytical uncertainties (Mean Square Weighted Deviation, MSWD$ 1), the uncertainties on the slope and the intercept of the isochron were calculated using a simple 1/s 2 -weighted regression. When the scatter exceeded analytical uncertainties, model 3 of McIntyre et al. (1966) was used. Nine bulk eucrites (Pasamonte, Juvinas, Camel Donga, Stennern, Ibitira, and Bé ré ba) and diogenites (Shalka, Johnstown, and Tatahouine) were measured and the results are shown in Fig. 1A . Fe/Ni ratios range from 2000 to 70,000, similar to what was documented previously for eucrites and diogenites (Wolf et al., 1983; Barrat et al., 2000; Shukolyukov and Lugmair, 1993a,b) . Quitté et al. (2011) had found a range of initial 60 Fe/ 56 Fe ratios between 5 Â 10 À 10 and 5 Â 10 À 9 in bulk non-cumulate eucrites. Instead, in the present study (also see Dauphas, 2011a, 2011b) , the 60 Ni excesses in bulk eucrites and diogenites correlate with 56 Fe/ 58 Ni ratios and define a single errorchron of slope 60 0.14. The data points show some scatter around the best-fit line that cannot be completely explained by analytical uncertainties (MSWD¼3.2). Two of the eucrites analyzed in this study (Pasamonte and Ibitira) have anomalous oxygen isotopic compositions, indicating that they came from different parent-bodies or that isotopic heterogeneity was preserved during magmatic differentiation on the HED parent body (Wiechert et al., 2004; Scott et al., 2009) . Removing these two samples from the regression, the MSWD remains relatively high at 3.7 and the calculated 60 Fe/ 56 Fe ratio does not change significantly (3.06 Â 10 À 9 originally vs. 3.20 Â 10 À 9 after removal), so these two meteorites cannot be the source of the observed scatter. The Johnstown brecciated diogenite is rich in metal and highly siderophile elements, which was interpreted to reflect contamination by a chondritic impactor (Floran et al., 1981; Barrat et al., 2008; Dale et al., 2012) . Its low Fe/Ni ratio is also consistent with this view. If we remove this sample from the regression, we obtain an isochron with an intercept of e 60 Ni ¼ À0.1070.13, a slope of (3.45 70.32) Â 10 À 9 , and a MSWD of 1.5. The cause for the scatter in the bulk HED regression is therefore due to the inclusion of a sample contaminated by a late addition of chondritic material. In the following, we exclude Johnstown from consideration in the bulk HED isochron.
Eight (1) and (4), olivine-pyroxene-rich fragments; (2) and (3), anorthite-rich fragments], (C) mineral separates of D'Orbigny (Ol þMetal, olivine with metal inclusions; An, anorthite; Ol, olivine; Px, pyroxene; WR, whole rock, the other labels represent fractions with different grain sizes). Following correction for decay after CAI formation, these measurements give a 60 Fe/ 56 Fe ratio at the birth of the solar system of (1.17 7 0.26) Â 10
(considering only the D'Orbigny and bulk HED isochrons). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) of (3.170.8) Â 10 À 9 . Spivak-Birndorf et al. (2012) Fig. 1C . This meteorite has a quenched texture indicative of rapid cooling (Mittlefehldt et al., 2002) and several chronometers point to early crystallization, which must have occurred 5.571.0 Myr after CAI (Glavin et al., 2004; Nyquist et al., 2009 Because Semarkona and NWA 5717 are weakly metamorphosed chondrites (LL3.0 and ungrouped ordinary chondrite 3.05), chondrules from these two meteorites are expected to show little disturbance in Ni systematics (Tachibana et al., 2006; Mishra et al., 2010; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012 Fig. 2 ; also see Tang and Dauphas, 2011b) . This is the first solid constraint on the initial 60 Fe ratio of (2.0572.31) Â 10 À 9 at the time of CBa chondrule formation (errorchron in Fig. 3A ). The scatter in e
60
Ni of Gujba chondrules cannot be entirely explained by analytical uncertainty (MSWD¼2.9). Zipfel and Weyer (2007) measured the iron isotopic composition of silicate and metal in Gujba and found large isotopic fractionation between the two phases (d 56 Fe values of $ þ0.1% for silicate and $ À0.4% for metal), which they ascribed to kinetic isotope fractionation during condensation (Richter et al., 2009 ). Alexander and Hewins (2004) studied a zoned metal grain in Hammadah Al Hamrah 237, a CBb chondrite related to Gujba, and found large isotopic fractionations of Ni and Fe that were identical for both elements on a permil per amu basis ($ 8%/amu range). Such fractionation would presumably follow a Rayleigh distillation with a fractionation factor ] is inconsistent with the higher values inferred previously from in situ measurements on the same specimens ($ 2 Â 10 À 7 at chondrule formation, green dashed line) (Mostefaoui et al., 2004 (Mostefaoui et al., , 2005 Guan et al., 2007; Telus et al., 2012; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Ni isochron diagrams of chondrules from CBa-chondrite Gujba. See Fig. 1 caption for notations. The top panel (A) shows the raw data, while the bottom panel (B) shows data corrected for mass-independent effects introduced by using an exponential mass fractionation law to correct condensation/evaporation-induced mass fractionation in Gujba metal and silicate, which would most likely follow a Rayleigh law with a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi m 1 =m 2 p . As discussed in the text and Appendix B (Eqs. (4) and (A14) that may scale as the square-root of the masses of the isotopes involved. The data are corrected for mass fractionation using an exponential law (generalized power-law with n ¼ 0; , which could introduce spurious isotope effects if the sample was affected by natural mass fractionation following a Rayleigh
The degree of Ni isotopic fractionation was not measured. However, in CB chondrites Fe provides a good proxy for Ni isotopic fractionation (Alexander and Hewins, 2004) . Iron isotope measurements revealed large isotopic fractionation in Gujba chondrules and the relationship between e 62 Ni and F conforms to the expectation from Eq. (3) (Fig. 4A) . A fractionation of $0.5%/amu on Ni isotopes would correspond to a 0.043 shift in e 60 Ni (Eq. (2)) and would be sufficient to introduce some scatter in the Gujba isochron. Eqs. (2) and (A13) (Fig. 4A ). The resulting isochron shows less scatter than the one using uncorrected values and the MSWD decreases from 2.9 to 0.93 (Fig. 4B) . The slope and intercept give 60 (Fe/Ni$ 15; Quitté et al., 2011) and as a result provide the first solid constraint on the initial 60 
Fe/ 56
Fe ratio in the Gujba parent-body. Wielandt et al. (2012) reported an initial 60 Fe/ 56 Fe ratio of (5.071.4) Â 10 À 8 in Gujba that is inconsistent with the results presented here.
In agreement with previous work , the iron isotopic compositions of all measured samples are identical to terrestrial composition after internal normalization ( Fe ratios between 5 Â 10 À 10 and 5 Â 10 À 9 in bulk non-cumulate eucrites (Quitté et al., 2011) . Instead, all our samples excluding Johnstown, which has been contaminated with chondritic material (Floran et al., 1981; Barrat et al., 2008; Dale et al., 2012) , define a single isochron of slope 60 Fe/ 56 Fe¼(3.4570.32) Â 10 À 9 (Fig. 1A) . The two eucrites that have anomalous oxygen isotopic compositions (Pasamonte and Ibitira; Wiechert et al., 2004; Scott et al., 2009 ) also plot on the same bulk rock isochron as other ''normal'' eucrites. This is consistent with the finding that Pasamonte and Ibitira also plot on the same bulk rock 53 Cr (t 1/2 ¼3.74 Myr; Honda and Imamura, 1971 ) isochron as other eucrites (Lugmair and Shukolyukov, 1998; Trinquier et al., 2008) . If Pasamonte, Ibitira and ''normal'' HEDs were derived from different parent-bodies, this could indicate that mantle differentiation occurred simultaneously in these three objects. More likely, all HEDs are part of the same parent-body but the oxygen isotopic composition was never fully homogenized between mantle reservoirs.
The Ni bulk rock HED isochron records the time of global silicate differentiation in the mantle of Vesta, which is also marked by a well-defined isochron for the 53 Mn-53 Cr short-lived radionuclide system (Lugmair and Shukolyukov, 1998; Trinquier et al., 2008) . According to 53 Cr systematics, mantle differentiation in the HED parent body took place 4.171.1 Myr after CAI formation (Trinquier et al., 2008; Nyquist et al., 2009 Ni and e
60
Ni. The blue lines correspond to the expected correlations given by Eqs. (3) and (4) (see text for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) A 60 Fe/ 56 Fe ratio of (2.20 71.16) Â 10 À 9 at the time of core formation/global silicate differentiation in the angrite parentbody was obtained but data from plutonic angrites such as Angra dos Reis, NWA 4801 and NWA 4590 show significant scatter (Fig. 1B) Fe ratio at the birth solar system, the inferred ratio is identical to that calculated from HED meteorites.
We have also measured the Ni isotopic composition in mineral separates from the D'Orbigny meteorite. This angrite has a quenched texture indicative of rapid cooling (Mittlefehldt et al., 2002; Keil, 2012 Fe'') would be expected on 58 Fe in achondrites relative to chondrites . The fact these 2 meteorite groups have indistinguishable e 58 Fe supports the view that 60 Fe was homogeneously distributed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The data points define an internal isochron of slope 60 (Mostefaoui et al., 2004 (Mostefaoui et al., , 2005 Guan et al., 2007; Telus et al., 2012; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) . As discussed below, this discrepancy cannot be due to heterogeneous distribution of 60 Fe ratio of (1.0471.31) Â 10 À 8 at chondrule formation (Fig. 2) . The timing of formation of these objects is not precisely known but most chondrules in ordinary chondrites were formed 2.472.0 Myr after CAI (Kita et al., 2005; Yin et al., 2007; Nyquist et al., 2009; Villeneuve et al., 2009; Dauphas and Chaussidon, 2011) . This translates into an initial 60 
Fe/ 56
Fe ratio at CAI formation of (1.9672.69) Â 10 À 8 in the region of the protoplanetary disk where ordinary chondrites formed.
CBa chondrites are thought to have formed 5.671.3 Myr after solar system formation from a vapor-melt plume produced by a large impact between asteroids (Krot et al., 2005; Nyquist et al., 2009; Yamashita et al., 2010) . Despite the large spread in Fe/Ni ratios of Gujba chondrules, no excess 60 Ni was found corresponding to an initial 60 Fe/ 56 Fe ratio of (1.0172.97) Â 10 À 9 at the time of CBa chondrule formation (Fig. 3B) . This constrains the 60 Fe/ 56 Fe ratio at CAI formation to (0.45 71.32) Â 10 À 8 . The values derived from chondrite measurements agree with the initial 60 Fe/ 56 Fe ratio inferred from angrite and HED data and yield a weighted average of (1.1570.26) Â 10 À 8 (Table 3 ; because of protracted magmatic history, this value does not include the bulk angrite errorchron). The main source of uncertainty in the initial 60 Mn ratio of (6.571.9) Â 10 À 6 (Trinquier et al., 2008) , which would give a lower 60 Fe/ 56 Fe ratio of (7.05 72.26) Â 10 À 9 . Regardless of this complication, our estimate of the initial 60 
Fe ratio at CAI formation is inconsistent with the high initial 60 Fe/ 56 Fe ratio inferred from SIMS data (Mostefaoui et al., 2004 (Mostefaoui et al., , 2005 Guan et al., 2007; Telus et al., 2012; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) . While the Fe/Ni ratios of the components studied here are much lower than those studied by in situ methods, our precision is superior and we should have detected excess 60 Ni of þ3.7 e-unit in chondrites if the initial 60 Fe/
56
Fe ratio at CAI formation was $ 6 Â 10 À 7 . Thus, our results indicate that different regions of the protoplanetary disk incorporated the same amounts of 60 Fe. Variations in 60 Fe abundance might be present at the subcentimeter scale as is suspected for example for 26 Al in FUN CAIs, a type of refractory inclusion that contains Fractionated and Unknown Nuclear effects (MacPherson et al., 1995) . Opaque assemblages in CAIs may allow us to constrain the abundance of 60 Fe in CAIs but these have low Fe/Ni ratios (e.g., Sylvester et al., 1990 ) and 60 Fe-decay will only be detectable if 60 Fe/ 56 Fe initial ratios are much higher than the value documented here. A further way to examine the question of the homogeneity of 60 Fe in the early solar system is to measure the isotopic Mn) initial ratios in the meteorite groups studied here (Table 3 ). The red line shows the expected correlation between these ratios for a system starting with homogeneous 60 (Trinquier et al., 2008 ). The gray line shows the expected evolution for a system starting at an initial ratio 60 Fe/ 56 Fe of $ 6 Â 10 À 7 (Mostefaoui et al., 2004 (Mostefaoui et al., , 2005 Guan et al., 2007; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) . Our results exclude such a high ratio and demonstrate that 60 Fe was homogeneous distributed in the meteorite groups investigated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) abundance of 58 Fe . Indeed, in core-collapse supernovae, these two neutron-rich isotopes are produced by neutron-capture reactions on pre-existing Fe isotopes, therefore any heterogeneity in 60 58 Fe of À 3 e-unit or more relative to chondrites . We have measured at high precision the isotopic ratio 58 Fe/ 54 Fe in many meteorite groups, and have failed to detect any variation in this isotope (within 70.5 e-unit) (Fig. 5) . Dauphas et al. (2010) Ni values of the mantle of the HED and angrite parent-bodies, we take the interpolated values from bulk rock isochrons at the inferred mantle Fe/Ni ratios (Fig. 1) .
Fe
The Fe/Ni ratio of the bulk mantle of HEDs was estimated by Warren et al. (1999) Warren, 2011; Steele et al., 2012) . Thus, variations in e 60 Ni in bulk chondrites may be unrelated to 60 Fe-decay, reflecting instead inheritance of nucleosynthetic anomalies carried by presolar phases, as had been documented previously for several other elements (Dauphas et al., 2002 (Dauphas et al., , 2004b Hidaka et al., 2003; Sharma, 2006, 2007; Trinquier et al., 2007 Trinquier et al., , 2009 Carlson et al., 2007; Qin et al., 2008; Chen et al., 2010 Chen et al., , 2011 Burkhardt et al., 2011; Moynier et al., 2012) . HEDs and angrites cannot be tied to any chondrite group, so we take the average e 60 Ni value of all chondrite measurements published so far ( À 0.0770.06; Dauphas et al., 2008; Regelous et al., 2008; Steele et al., 2012;  Table 1 ).
Injecting the above parameters in Eq. (5) Fe initial ratio at the time of core formation of (4.3272.08) Â 10
. This estimate is robust as the 60 Ni-excess in the bulk mantle of Vesta is well resolved (Fig. 7) . Using a 60 Fe/
56
Fe initial ratio in the solar protoplanetary disk of (11.572.6) Â 10 Ni (see Fig. 1 60 Fe/ 56 Fe initial ratio obtained by in situ methods required involvement of one or several supernovae to seed the protoplanetary disk or the solar system parent molecular cloud with freshly synthesized 60 Fe (Tachibana et al., 2003 (Tachibana et al., , 2006 Mostefaoui et al., 2004 Mostefaoui et al., , 2005 Guan et al., 2007; Marhas and Mishra, 2012; Mishra and Chaussidon, 2012) . However, the low abundance of 60 Fe documented here could have simply been inherited from abundances present in the interstellar medium (ISM) that made the solar system. Analysis of g-ray emissions from the galactic plane give a present average flux 60 Fe/ 26 Al ratio of 0.14870.06 (Wang et al., 2007) , which translates into a 60 (Clayton, 1985; Clayton and Pantelaki, 1986; . Correcting for this and adopting an age of $12 Ga for the Galaxy and references therein), we obtain present mass fractions in the ISM of X( Fe value is $ 30 times higher than the ratio measured in meteorites. According to models of galactic chemical evolution, the ratio of a secondary radioactive nuclide ( 60 Fe) to a primary stable nuclide ( 56 Fe) should be independent of the age of the disk . Therefore, the 60 
Fe/ 56
Fe ratio measured in the present ISM is a good proxy for the steady-state ratio at solar system formation.
Nucleosynthesis in discrete and stochastic events can lead to variations in the abundance of short-lived nuclides in the ISM. The steady-state assumption should be approximately valid for extinct radionuclides with half-lives greater than $3-7 Myr that are produced in typical core-collapse supernovae . With a half-life of 2.62 Myr, 60 Fe is expected to show local enhancements and depletions relative to the ISM average. In particular, the abundance of a radioactive nuclide in a star-forming molecular cloud should be lower than that of the average ISM due to partial isolation from fresh nucleosynthetic input. To address this issue, Clayton (1983) used a three phase mixing model of the ISM involving dense molecular clouds from which stellar systems form, large HI clouds, and smaller HI clouds that can be evaporated by supernova shocks. Using the same parameters as those used in , the expected ratio in molecular clouds is ( . However, it is lower than estimates based on r-process radionuclides (e.g., 129 I) that give timescales up to 300 Myr ). This is a long-standing issue in cosmochemistry that may be related to the fact that some of these nuclides are produced in low frequency events, so the steady-state assumption is invalid (Wasserburg et al., 2006 ).
Although uncertain, the calculations above demonstrate that the low initial 60 Fe/
56
Fe ratio in the early solar system does not require direct injection from a nearby supernova. However, a nearby stellar source for 26 Al is still needed. This could have been a passing AGBstar that delivered 26 Al and little 60 Fe through stellar winds . However, the probability of encountering an evolved AGB-star in a star-forming region is very low (less than 3 in a million; Kastner and Myers, 1994) . A massive star is therefore the favored source for 26 Al, requiring special circumstances in order to avoid delivering too much 60 Fe. In massive stars, 26 Al is produced by proton capture on 25 Mg, which occurs in more external regions than the site where 60 Fe is made (Limongi and Chieffi, 2006) . It is thus possible to decouple the two extinct radionuclides if (i) 26 Al was injected by stellar winds from one or several massive stars, possibly a Wolf-Rayet star (Arnould et al., 1997 (Arnould et al., , 2006 Gaidos et al., 2009; Tatischeff et al., 2010; Gounelle and Meynet, 2012) . (ii) Following the explosion, only material from the external layers of the supernova was injected because the inner portion fell back onto the core Takigawa et al., 2008) . (iii) Interaction of the supernova ejecta with the proto-solar cloud favored injection of the outer layers (Gritschneder et al., 2012) .
We favor the first scenario of injection by winds from one or several massive stars (430 M n ) because decoupling of 26 Al from 60 Fe is a natural outcome of the evolution of massive stars and such pollution is expected to occur in star-forming regions. In the parent molecular cloud to the Sun, massive stars evolved rapidly, blew-off 26 Al-rich winds, and carved a bubble within the cloud. The Sun formed later and incorporated some of the bubble shell material polluted with 26 Al from the first generation of massive stars.
Conclusions
We have studied the Ni and Fe isotopic compositions of meteorites to establish the abundance and distribution of 60 Fe in the solar protoplanetary disk. This extinct nuclide provides critical constraints on the astrophysical context of solar system formation and on the chronology of early solar system events:
Measurements of angrites, HEDs, and unequilibrated ordinary chondrites Semarkona and NWA 5717 reveal the presence of 60 Fe (t 1/2 ¼2.6 Myr) at a low level of (11.572.6) Â 10 À 9 , consistent with derivation from galactic background [ 60 Fe/ 56 Fe ISM ¼ (2.871.4) Â 10 -7 ]. At such low abundance, 60 Fe was a negligible radioactive heat-source in planetary bodies.
The main source of uncertainty in the estimation of the 60 
Fe/ 56
Fe ratio is the uncertainty that affects the initial 53 Mn/ 55 Mn ratio at CAI formation, which is used to back calculate the initial 60 Fe/ 56 Fe ratio at the birth of the solar system. Taking this uncertainty into account, we obtain 60 Fe/
56
Fe ratios of 7 Â 10 À 9 to 12 Â 10 À 9 at CAI formation.
Measurements of 58 Fe, the most neutron-rich stable isotope of iron, demonstrate that 60 Fe was uniformly distributed in the solar protoplanetary disk sampled by achondrites and chondrites. Previous work has shown that all CAIs probably did not incorporate the same amounts of 26 Al. It is currently unknown whether 60 Fe was uniformly distributed in CAIs, which we would predict if 60 Fe was derived from galactic background.
Aluminum-26 in the early solar system was most likely derived from stellar winds from one or several massive stars ( 430 M n ). Because such winds are poor in 60 Fe, this naturally explains the high abundance of 26 Al relative to 60 Fe in meteorites.
We estimate the time of core formation on Vesta to be 3:7 To investigate the influence of mass fractionation laws on isotope measurements by internal normalization, we use the generalized power law that relates the fractionation ratios r to the true ratios R through
where g quantifies the degree of mass fractionation and n is a free parameter of mass fractionation law. To correct the ratio r 2=1 by fixing the measured ratio r 4=3 to R 4=3 by internal normalization, we have
If the wrong law (exponent k instead of n) and the wrong mass (m i þ m instead of m i þ M) had been used, the corrected ratio would be
The departure on the corrected ratio from the true ratio in e unit would therefore be (we take the difference between the previous 2 equations)
The first term in bracket can be rewritten in the form:
Because the mass ratios are close to unity, the terms are well approximated by second order Taylor series expansions around 1:
Similarly we have
By taking the difference of Eqs. (A7) and (A8), it follows that Eq. (A5) is well approximated by
where F is the isotopic fractionation in %/amu. If another pair of isotopes 5/1 has been corrected for mass fractionation by the same procedure, we have
The ratio between e 
Often, the same isotope is used as denominator in all isotopic ratios and m 3 can be identified with m 1 (i.e., the r 4=1 ratio is used for internal normalization). In this case, Eqs. (A10) and (A12) simplify to
If the generalized power law cannot describe the isotopic fractionation, a linear relationship between isotopic artifact (anomaly) and mass fractionation (Eqs. (A9) and (A10)) is not warranted. This is the case for the isotopic composition of the product of a Rayleigh distillation (e.g., solid during gas condensation), in which case the relationship between e and d is best investigated using a numerical approach. However, Eq. (A10) is still applicable to the residue of a distillation. Let us consider a distillation with a fractionation factor of a 2=1 ¼ ðm 1 =m 2 Þ b . The isotopic composition in the residue following such a distillation is
where f is the fraction of i 1 left in the residue. The internally corrected i 2 =i 1 ratio is
As long as
By identification with Eq. (A3), it follows n ¼ Àb Fe distribution and mass fractionation laws. Lunar Planet. Sci. XL, 1903 . Tang, H., Dauphas, N., 2010 . High precision Nickel isotopic analyses of meteorites.
Lunar Planet. Sci. XLI, 1773 . Tang, H., Dauphas, N., 2011a . Origin and homogeneity of 60 Fe in the Solar System: evidence from achondrites and unequilibrated ordinary chondrites. Workshop on Formation of the First Solids in the Solar System (2011), #9146. Tang, H., Dauphas, N., 2011b . Constraints from achondrites on the initial 60 Fe/ 56 Fe ratio of the Solar System. Lunar Planet. Sci. XLII, 1068 . Tang, H., Dauphas, N., 2012 . Low abundance and homogeneous distribution of 
SEM and electron microprobe study of Gujba chondrules
Twenty-one chondrules were extracted from Gujba, some of which were further examined by scanning electron microscopy and electron microprobe. All characterized chondrules are nonporphyritic, FeO-poor and composed largely of fine-grained forsteritic olivine (Fa 1-5 ), low Ca-pyroxene (Wo 1-5 Fs 1-4 ) and high Ca-pyroxene (Wo 35-42 Fs 1-3 ) (5~20 m size for pyroxene grains). Nine chondrules in Gujba were extracted and characterized by scanning electron microscopy ( Fig. S1 ) and electron microprobe. The average in situ ratio (blue diamonds) is identical to that measured after dissolution (blue lines) indicating that the dissolved chondrule fractions do not contain any alteration phase that could affect 60 Ni systematics. 
Nickel purification
(a) U/TEVA Cartridge. and Tissot et al. (2011) documented partition coefficients on U/Teva in HCl medium. At high HCl molarity (>10 M), Ti and Fe strongly partition onto the resin while Ni is not quantitatively retained. Because Fe and Ti are direct isobars of Ni isotopes and these elements are enriched in achondrites and silicate components of chondrites, U/Teva cartridge provides a means of eliminating the most significant matrix elements. Other major elements such as Na, Mg, and Ca have low partition coefficients for U/Teva in concentrated HCl and follow Ni in the elution (Fig. S2) .
The 2 mL U/Teva cartridges (length = 2.7 cm, diameter = 0.8 cm) were pre-cleaned with 10 mL Millipore Milli-Q water, 15 mL 0.4 M HCl, 15 mL 4 M HCl and were then conditioned with 10 mL of concentrated HCl. For some achondrites, large sample masses were required to provide sufficient Ni for isotopic analysis (up to 1 g). If the volume of sample solution exceeded 10 mL, the solution was split and passed on two separate cartridges (the Ni cuts were then recombined). The elution sequence proceeded as follows. The load solution was collected in clean Teflon beakers and an additional 10 mL of concentrated HCl was passed through the resin and collected in the same beaker. This eluate contained Ni together with Na, Mg, Ca and other matrix elements. Subsequently, 15 mL 4 M HCl was passed through the column (in a sequence of 2 mL, 3 mL, 5 mL and 5 mL) to collect Ti and 15 mL of 0.4 M HCl was eluted to collect Fe and U. These cuts were stored for future study. This stage was repeated twice if the Ti and Fe contents of the sample were high. (b) Cation exchange. Further purification of Ni was achieved through a series of cation-exchange columns in HCl-acetone medium . Bio-Rad AG50-X12 200-400 mesh hydrogen-form resin (~60 mL) was pre-cleaned on a large column using a sequence of 500 mL Milli-Q water, 500 mL 1 M HNO 3 , 500 mL Milli-Q water, 250 mL 4 M HCl, 500 mL Milli-Q water, 250 mL 4 M HCl, and 500 mL Milli-Q water. The Ni elution cut from the first column chemistry was evaporated and re-dissolved in 5 mL of a mixture of 20 % 10 M HCl -80% acetone (by volume) and loaded onto 5 ml precleaned Bio-Rad AG50-X12 200-400 mesh hydrogen-form AG50W-X12 cation exchange resin in Savillex Teflon columns (length = 40 cm, diameter = 0.4 cm), previously conditioned with 10 mL 20 % 10 M HCl -80 % acetone. After loading the sample solution and rinsing with 30 mL 20 % 10 M HCl -80% acetone mixture to eliminate Cr and any remaining Fe, Ni was collected by eluting 150 mL of the HClacetone mixture into a jar containing 30 mL H 2 O to dilute HCl and stabilize Ni in the eluate (Fig. S3) . In those conditions, Mg, Na, Ca, and other matrix elements were retained on the resin. The collected Ni solution was evaporated at moderate temperature (<90 °C) under a flow of N 2 to avoid the formation of organic complexes with acetone and accelerate evaporation. After evaporation, the Ni fraction was dissolved in 1 mL of aqua regia to remove any organic residue formed during evaporation. This HCl-acetone column was repeated five times to ensure thorough separation of major rock forming element Mg from Ni, two elements that are notoriously difficult to separate. (c) Anion exchange. Zinc is a significant interference on low abundance isotope 64 Ni. It was removed using a third column filled with 1 mL Bio-Rad AG1W-X8 anionic ion exchange resin (length = 2 cm, diameter =0.8 cm) in 8 M HBr medium . Nickel was eluted in 8 mL 8 M HBr, while Zn was retained on the resin.
Analyses of Fe/Ni ratios
Approximately 20-25 % of the original sample solutions were kept for Fe/Ni ratio measurements, iron isotopic analysis, and as a safety aliquot. Fe/Ni ratios of the samples were measured by MC-ICPMS using both the bracketing and standard addition techniques. The aliquots for Fe/Ni measurements were evaporated to dryness and redissolved in 10 mL 1.5 M HNO 3 (concentration of C sample ). Each solution was divided into 4 equal-volume aliquots, to which standard and acid solutions were added to reach a total volume of 10 ml (Table S2 ). The concentration standards were prepared with Fe/Ni ratios of 100 to 5,000 in order to match approximately the Fe/Ni ratios in the different samples (C std in Table S2) . 56 56 Fe + . Sample solutions were introduced into the mass spectrometer using a regular spray chamber (SIS) at an uptake rate of 100 L/min. Intensities (I) of solutions were integrated over 40 s. In the standard addition technique implemented here, the measured intensity is related to the sample concentration through, .
Measured intensities form a linear regression with the diluting factor n C std (e.g., Fig. S4 ).
The absolute value of the intercept on the x-axis gives C sample . The standard addition method largely eliminates matrix effects on elemental ratio analyses. Care was taken to use standards with similar Fe/Ni ratios as the samples. For example, chondritic components were doped with a standard at a Fe/Ni ratio of 100, and achondrites were doped with a standard at a Fe/Ni ratio of 5,000. The Fe/Ni ratios measured by standard addition were compared with Fe/Ni ratios measured by simple sample-standard bracketing and the values were identical within uncertainties. Fe/Ni ratios in terrestrial standards were all within 3 % of their reference values, demonstrating the accuracy of our measurements. Figure S4 . volume n Mixture 1 2.5 ml 0 ml 7.5 ml 0 Mixture 2 2.5 ml 2.5 ml 5 ml 1 Mixture 3 2.5 ml 5 ml 2.5 ml 2 Mixture 4 2.5 ml 7.5 ml 0 ml 3 Table S2 . Proportions of standard, sample and acid in the standard addition method.
Tests of the Ni purification method

Peak scans of the sample after purification
Nickel blanks for the entire procedure ranged from 20 to 35 ng, which is insignificant relative to the amounts of Ni in the samples. The mass spectrum of a eucrite sample (Juvinas) after chemical chromatography and that of an acid blank solution (0.3 M HNO 3 ) are compared in Figure S5 . 
Evaluation of isotope data accuracy
All terrestrial geostandards measured in this study have normal Ni isotopic compositions and Ni isotopes other than 60 Ni in meteorites also have terrestrial values (Fig. S6) , indicating that the measurements are accurate. Several tests were performed to optimize and assess the quality of Ni isotopic analyses. Figure S6 . Ni isotopic compositions of terrestrial geostandards.
Shoulder peak plateau in medium-resolution (MR) mode. The desolvating nebulizer Aridus II can remove most oxide complexes, so the ArOH peak cannot be discerned from the 57 Fe peak. Before Ni isotopic analyses using the Aridus II, a wet introduction system (Thermo Scientific Stable Introduction System -SIS) is utilized to establish the relative positions of 57 Fe and ArOH peaks (Fig. S7) . The mass used in the measurement on Aridus II was taken at the center of the mass interval obtained by SIS. Peak positions may shift during a session, therefore, the mass was adjusted regularly by adding 0.004 amu to the left peak edge position as was established by using the SIS. Figure S7 . Shoulder peak plateau in medium-resolution (MR) Influence of concentration matching between samples and standards. evaluated the influence of concentration matching between sample and standard on the measured isotopic composition of Fe, which revealed that sample analyses were not affected when 0.5<C/C standard <2 (see Fig.2 in ). We performed a similar test in MR on Ni isotopic composition (Fig. S8) . Within uncertainties of Ni isotopic measurements, mismatch between sample and standard does not affect sample analyses when 0.5<C/C standard <1.6. However, there is a slight negative correlation between Ni isotopic composition and the mismatch degree after 61 Ni/ 58 Ni normalization and correspondingly, a slight positive trend is also observed after 62 Ni/ 58 Ni normalization.
Therefore in this study, mismatch between sample and standard was controlled to within 5 % to ensure accuracy of Ni isotopic analyses. Figure S8 . Effect of concentration matching on the isotopic compositions on 60 Ni/ 58 Ni.
Effects of matrix elements on nickel isotopic measurements. Although matrix elements can efficiently be eliminated by our chromatography method, we evaluated their influence on Ni isotopic measurements. Indeed, the Ni content of achondrites is extremely low, and such effects must be carefully evaluated to assess the accuracy of the analyses. We mixed Ni standard (3 ppm) with up to ~3 ppm Mg, Ca, Co, Cr and Mn. These solutions were then bracketed by Ni isotopic standards free of matrix elements. The results are shown in Figure S9 . All doped solutions have terrestrial composition on 60 Ni, 61 Ni and 62 Ni except one Co-doped solution (Co/Ni=1). Error bars tend to increase with increasing matrix concentrations. Matrix elements should not affect the analyses of Ni isotopic composition when the ratio of C i /C Ni < 0.5. To ensure that the Ni isotopic measurements were of the upmost quality, care was taken in our study to reduce the concentration of matrix elements to acid background level.
Influences from interferences of Fe, Zn and Ti. We have described the method to correct for the potential interferences from 58 
